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A B S T R A C T

The effects of global change on ecosystem productivity and water resources in the southern United States

(SUS), a traditionally ‘water-rich’ region and the ‘timber basket’ of the country, are not well quantified.

We carried out several simulation experiments to quantify ecosystem net primary productivity (NPP),

evapotranspiration (ET) and water use efficiency (WUE) (i.e., NPP/ET) in the SUS by employing an

integrated process-based ecosystem model (Dynamic Land Ecosystem Model, DLEM). The results

indicated that the average ET in the SUS was 710 mm during 1895–2007. As a whole, the annual ET

increased and decreased slightly during the first and second half of the study period, respectively. The

mean regional total NPP was 1.18 Pg C/yr (525.2 g C/m2/yr) during 1895–2007. NPP increased

consistently from 1895 to 2007 with a rate of 2.5 Tg C/yr or 1.10 g C/m2/yr, representing a 27%

increase. The average WUE was about 0.71 g C/kg H2O and increased about 25% from 1895 to 2007. The

rather stable ET might explain the resulting increase in WUE. The average WUE of different biomes

followed an order of: forest (0.93 g C/kg H2O) > wetland (0.75 g C/kg H2O) > grassland (0.58 g C/

kg H2O) > cropland (0.54 g C/kg H2O) > shrubland (0.45 g C/kg H2O). WUE of cropland increased the

fastest (by 30%), followed by shrubland (17%) and grassland (9%), while WUE of forest and wetland

changed little from the period of 1895–1950 to the period of 1951–2007. NPP, ET and WUE showed

substantial inter-annual and spatial variability, which was induced by the non-uniform distribution

patterns and change rates of environmental factors across the SUS. We concluded that an accurate

projection of the regional impact of climate change on carbon and water resources must consider the

spatial variability of ecosystem water use efficiency across biomes as well as the interactions among all

stresses, especially land-use and land-cover change and climate.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Ecosystem productivity and water use (i.e., evapotranspiration,
ET) are tightly coupled at multiple scales (Chapin et al., 2002;
Waring and Running, 2007). In terrestrial ecosystems, for example,
water availability is the primary limiting factor for plant growth in
over 40% of vegetated areas, while another 33% of the area is
limited by cold temperatures and frozen water, where the water is
not available for plant growth (Nemani et al., 2003). Vegetation can
respond to water stress in several ways: increasing water uptake
from soil, increasing water use efficiency (WUE) and reducing
* Corresponding author. Tel.: +1 334 844 1059; fax: +1 334 844 1084.
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water losses, etc. (Hsiao, 1973; Waring and Running, 2007).
Determining the functional responses of plants to water stress is
still one of the most complex issues in plant stress biology (Bray,
1997). In order to respond to global environmental change with
sound land management practices, there must be a clear under-
standing of how multiple stresses affect all ecosystem processes.

It is likely that global climate changes will continue to influence
the Northern Hemisphere’s precipitation distributions, with
increased frequency, duration and intensity of drought and other
extreme climate events (Saxe et al., 2001; IPCC, 2001, 2007;
Salinger et al., 2005). These changes imply that in the future, water
distribution among different terrestrial ecosystems will be more
variable. In the mean time, changes in other factors such as land-
use and land-cover types and atmospheric composition (tropo-
spheric ozone, atmospheric CO2 and nitrogen deposition) interact
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with global climate change to influence the water budget, plant
water use strategy, and the global carbon cycle. Understanding the
interactions between the carbon and water cycles has been
recognized as one of the gaps in global change research (Jackson
et al., 2005; Ehleringer et al., 2000; Pereira et al., 2004).

There are many methods of addressing the interactions
between the water and carbon cycles. Of these, WUE, the ratio
of carbon gain during plant photosynthesis to water loss during
evapotranspiration, is an essential concept for studying these
interactive effects because it couples the water and carbon cycles
very well. WUE can also be defined in various ways at different
spatial scales or for different study objectives (Hsiao, 1973; de Wit,
1958; Farquhar and Sharkey, 1982; Donovan and Ehleringer, 1991;
Jones, 1992; Steduto, 1996). Field measurements of WUE for few
ecosystems have become available (e.g., Law et al., 2002; Yu et al.,
2008; Sun et al., 2002) in recent decades thanks to the
development of eddy covariance systems. However, due to
complex interactions between water and carbon and uncertainty
in the interactive influences of multiple environmental factors on
WUE in a large-scale ecosystem, the long-term dynamics of WUE
on a large scale have rarely been quantified. The emergence and
application of mechanism-based models have made it possible to
scale up WUE from stand or field level to ecosystem level and to
better understand the impact of individual and multiple environ-
mental factors on WUE.

The southern United States (SUS) has experienced significant
changes in climate, atmospheric composition, and land-use and
land-cover types during the 20th century (IPCC, 2007; Schimel
et al., 2000; Norby et al., 2005; Chappelka and Samuelson, 1998;
Felzer et al., 2004; Holland et al., 2005; Dentener, 2006; Chen et al.,
2006a; Woodbury et al., 2007; Birdsey et al., 2006). The SUS has
relatively higher forest coverage, is one of the major suppliers of
wood products and has some of the greatest potential for carbon
sequestration in the country (Birdsey and Heath, 1995; Birdsey and
Lewis, 2003; Woodbury et al., 2007). However, there are increasing
concerns about rapid urbanization, wetland losses, extreme
climatic conditions (such as severe droughts and floods), and
forest plantation expansion and how these are impacting regional
water and carbon resources (Sun et al., 2008; McNulty et al., 1997;
Jackson et al., 2005). We are not aware of much work that has been
done to quantify the long-term dynamics of ecosystem water use
and its interactions with ecosystem productivity in the SUS.

This study used a well-evaluated integrated ecosystem model
(Dynamic Land Ecosystem Model, DLEM) and constructed long-
term data of environmental factors to simulate the spatial and
temporal changes of water, nitrogen and carbon cycles. Our
objectives were to quantify: (1) Ecosystem NPP, ET and WUE in the
southern United States; (2) Impacts of changing environmental
factors (combined changes in climate, land-use and land-cover
types, atmospheric CO2 concentration, nitrogen deposition, and
tropospheric ozone concentration) on the NPP, ET and WUE of
different ecosystems.

2. Methodology

2.1. Ecosystem water use efficiency calculation

Water use efficiency can be defined in many ways. On an
ecosystem scale, three major definitions are generally used: (1)
Gross primary production (GPP) based WUE: GPP/ET; (2) Net
primary productivity (NPP) based WUE: NPP/ET; (3) Net ecosystem
carbon production (NEP) based WUE: NEP/ET. Annual rainfall was
also used to replace ET to calculate rainfall use efficiency (RUE, e.g.,
Huxman et al., 2004; Bai et al., 2008). In this study, we primarily
used the second definition (NPP-based WUE) to address the
objectives since NPP could reflect annual net carbon fixation in the
plant biomass. The other two calculation methods were used to
compare our results with those of previous studies. Ecosystem
WUE for an individual grid cell was calculated as annual NPP in the
grid cell divided by annual ET. The mean WUE over a region, a
biome or a treatment was calculated as the area-weighted average
value of all grid cells. The WUE of cropland was calculated in the
same way as non-irrigated cropland and natural vegetation types
in this study.

2.2. Model description

The Dynamic Land Ecosystem Model (DLEM) is a highly
integrated process-based terrestrial ecosystem model that
simulates daily carbon, water and nitrogen cycles driven by the
changes in atmospheric chemistry including ozone, nitrogen
deposition, CO2 concentration, climate, land-use and land-cover
types and disturbances (i.e., fire, hurricane, and harvest) (Fig. 1).
The DLEM is well documented and well evaluated and has been
extensively used in studying the terrestrial carbon, water and
nitrogen cycles over Monsoon Asia, the continental U.S., and South
America (e.g., Tian et al., 2005, 2008, submitted for publication;
Chen et al., 2006b; Ren et al., 2007a,b; Liu et al., 2007, 2008; Zhang
et al., 2007).

DLEM includes four core components (Fig. 1): (1) biophysics, (2)
plant physiology, (3) soil biogeochemistry, and (4) dynamic
vegetation and land-use. The biophysical component includes
the instantaneous exchanges of energy, water, and momentum
with the atmosphere, which involves micrometeorology, canopy
structure, soil physics, radiative transfer, water and energy flow,
and momentum movement. The plant physiology component in
DLEM simulates major physiological processes such as photo-
synthesis, respiration, carbohydrate allocation among various
organs (root, stem and leaf), nitrogen uptake, transpiration,
phenology, etc. The component of soil biogeochemistry simulates
mineralization, nitrification/denitrification, decomposition and
fermentation so that DLEM is able to estimate simultaneous
emission of multiple trace gases (CO2, CH4 and N2O). The dynamic
vegetation component simulates two kinds of processes: the
biogeography redistribution of plant functional types under
environmental changes, and plant competition and succession
during vegetation recovery after disturbances. Like most Dynamic
Global Vegetation Models (DGVMs), DLEM builds on the concept of
plant functional types (PFT) to describe vegetation distributions.
The DLEM has also emphasized water, carbon and nitrogen cycles
in managed ecosystems such as cropland, forest plantation, and
pasture. The key processes for modeling GPP, NPP, and ET in DLEM
are briefly described below.

GPP simulation: A modified Farquar’s model is used to simulate
gross primary production in DLEM (Farquhar et al., 1980; Collatz
et al., 1991, 1992; Dougherty et al., 1994; Bonan, 1996; Sellers
et al., 1996). The canopy is divided into sunlit and shaded layers.
GPP (g C/m2/day) is calculated by scaling leaf assimilation rates
(mmol CO2 m�2 s�1) up to the whole canopy:

GPPsun ¼ 12:01� 10�6 � Asun � plaisun � day1� 3600

GPPshade ¼ 12:01� 10�6 � Ashade � plaishade � day1� 3600

GPP ¼ GPPsun þ GPPshade

where GPPsun and GPPshade are gross primary productivity of sunlit
and shaded canopy, respectively; Asun and Ashade are assimilation
rates of sunlit and shaded canopy; plaisun and plaishade are the
sunlit and shaded leaf area indices; dayl is daytime length (s) in a
day. 12.01 � 10�6 is a constant to change the unit from mmol CO2

to gram C.



Fig. 1. Framework of the Dynamic Land Ecosystem Model (DLEM, top one) and the hydrological component in DLEM (below one). Note: The soil is represented by three layers:

a litter layer (or above surface water) with varied depth, and two mineral soil layers with fixed depths of 0.5 m (0–50 cm) and 1.0 m (50–150 cm), respectively. Snow (Ps) and

rain (Pr) are separated from precipitation. Canopy intercepts some of Ps and Pr into canopy snow storage (Wcan,snow) and rain storage (Wcan,rain), respectively. The intercepted

water is eventually evaporated (Ecan,evap) or sublimated (qcan,sub) to the air. The remaining Ps and Pr enter into the ground snowpack (Wsnow) and litter layer (Wlitter) as

throughfall. The Wlitter is over maximum water storage of the litter, extra water will be infiltrated into the first soil layer. Simultaneously, the litter layer will absorb water from

the first soil layer. The water holding by the litter will be evaporated to air (Ep,s). When the soil moisture in first mineral layer (Ws1) exceeds the saturated soil water content,

the extra water will run off from this layer which forms surface runoff (qsurf,runoff) or infiltrate in the second soil layer (Ws2). The water in the first soil layer will be evaporated

into air (Es). The water percolation from the second soil layer forms subsurface runoff (qsurf,runoff).
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The plaisun and plaishade are estimated as:

plaisun ¼ 1� EXPð�proj LAIÞ

plaishade ¼ proj LAI� plaisun

where proj_LAI is the projected leaf area index.
Using similar methods to Collatz et al. (1991), DLEM determines

the C assimilation rate as the minimum of three limiting rates,
wc;w j;we; which represents the assimilation rates as limited by
the efficiency of the photosynthetic enzymes system (Rubisco-
limited), the amount of PAR captured by the leaf chlorophyll (light-
limited), and the capacity of the leaf to export or utilize the
products of photosynthesis products (export-limited) for C3

species, respectively. For C4 species, we refers to the PEP
carboxylase-limited rate of carboxylation. The canopy sunlit and
shaded carbon assimilation rate can be estimated as:

A ¼minðwc;w j;weÞ � Indexgs

where A is canopy carbon assimilation rate (mmol CO2 m�2 s�1);
wc is assimilation rate limited by Rubisco (carboxylase-oxygenase
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enzyme) (mmol CO2 m�2 s�1); w j is assimilation rate limited by
available light (PAR) (mmol CO2 m�2 s�1); we is assimilation rate
limited by transport of photosynthetic products (C3 species), or PEP
carboxylase (C4 species) (mmol CO2 m�2 s�1); Indexgs is an
indicator of growing status, which is 0 when the air temperature
is less than the minimum photosynthesis temperature (no
growth), and 1 when it is otherwise.

Ozone effects on GPP: DLEM uses a scalar to modify the GPP of
sunlit and shaded leaves to account for the ozone impacts on GPP.
It is assumed that ozone effects are accumulative on plant
production. We used an empirical equation derived from several
research reports (Martin et al., 2001; Ollinger et al., 1997; Felzer
et al., 2004), to describe ozone limitation related to stomatal
conductance and ozone concentration, as well as the accumulation
of damage resulting from increasing ozone concentration in the
previous time period (Ren et al., 2007a,b).

Oeff ðiÞ ¼ 1� ðð1� 1=NdayÞ � Oeffði� 1Þ þ a� AOT40ðiÞ � gsðiÞÞ

where Oeff(i) and Oeff(i � 1) are the ozone damage to GPP at day i

and i � 1, respectively; Nday is the day number during the study
period; a is a plant functional type specific parameter, represent-
ing the PFT’s sensitivity to ozone stress; AOT40(i) is ozone
accumulation (ppb) above 40 ppb at day i; gs(i) is the stomatal
conductance at day i.

Ozone effects are calculated with the stomatal conductance
parameters specific to sunlit and shaded leaves. When scaled up to
the canopy, the leaf assimilation rate is proportionally reduced due
to ozone effects.

NPP simulation: NPP is the net carbon gain by vegetation and
equals the difference between GPP and plant respiration (Chapin
et al., 2002). DLEM estimates maintenance respiration (Mr, unit: g C/
m2/day) and growth respiration (Gr, unit: g C/m2/day), respectively.
Gr is calculated by assuming that the fixed part of assimilated C will
be used to construct new tissue (for turnover or plant growth).
During these processes, 25% of assimilated C is supposed to be used
as growth respiration. NPP is thus calculated as:
Ecan;e p ¼ minðWcan;rain; f wet � E p � tsub-le ftÞ

t pe p-le ft ¼
1� Ecan;e p

f wet � E p � tsub-le ft
�tsub-le ft i f Wcan;rain < f wet � E p � tsub-le ft

0 i f Wcan;rain < f wet � E p � tsub-le ft

8<
:

Ecan;day ¼ Ecan;e p þminðAWCs; ð1� f wetÞ � Et � tsub-le ft þ f wet � Et � t pe p-le ftÞ
Gr ¼ 0:25� GPP

NPP ¼ GPP�Mr� Gr

Maintenance respiration is related to surface temperature and
biomass nitrogen content. The following equation is used to
calculate the maintenance respiration of leaf, sapwood, fine root,
and coarse root:

Mri ¼ r f � Rcoeff � Ni � f ðTÞ

where i denotes the carbon pool of different plants (leaf, sapwood,
fine root, or coarse root); Mri (g C/m2/day) is the maintenance
respiration of different pools; rf is a parameter indicating growing
phase, which is set at 0.5 for non-growing season and 1.0 for
growing season; Rcoeff is a plant functional type specific respiration
coefficient; Ni (g N m�2) is the nitrogen content of pool i; f(T) is the
temperature factor, calculated as:

f ðTÞ ¼ e308:56�ð1=56:02�1=ðTþ46:02ÞÞ

where T is the daily average air temperature for modeling
aboveground carbon pools such as leaf, sapwood, and heartwood
or soil temperature for modeling belowground pools such as coarse
root and fine root.
The major hydrological processes in DLEM are shown in Fig. 1:
The evapotranspiration process in DLEM includes four major
components: (1) Canopy transpiration; (2) Canopy evaporation;
(3) Soil evaporation; (4) Canopy snow sublimation.

Canopy ET: The canopy is divided into wet fraction and dry
fraction according to Dickinson et al. (1991).

f can;wet ¼
Wcan;rain

Wcan;max

� �2=3

� 1

where fcan,wet is the wet fraction of the canopy. Wcan,rain and
Wcan,max are total rainfall intercepted by canopy and the maximum
canopy water holding capacity, respectively. The canopy inter-
cepted water is estimated the same way as Bonan (1996).

Evaporation from wet surfaces is assumed to occur at the
potential rate (Wigmosta et al., 1994). Transpiration from dry
surfaces of vegetation is calculated using a Penman-Monteith
approach (Wigmosta et al., 1994).

Et ¼
D� Rsw;abs þ r� c p � ðes � eÞ=ra

l� ½Dþ g � ð1þ rc=raÞ

whereEt istherateofwatertranspired(mm M�2 s�1),D istheslopeof
saturated vapor pressure–temperature curve, Rsw,abs is the net short-
wave radiation density, r is the density of moist air, cp is the specific
heat of air at constant pressure, es is the saturation vapor pressure, e is
the vapor pressure, ra is the aerodynamic resistance to vapor trans-
port, l is the latent heat of vaporization of water, g is the Psychro-
metric constant, and rc is the canopy resistance to vapor transport.

The potential evaporation from wet surfaces can be estimated
by setting rc equal to zero (Wigmosta et al., 1994),

E p ¼
D� Rsw;abs þ r� c p � ðes � eÞ=ra

l� ½Dþ g�

The model calculates evaporation and transpiration indepen-
dently for wet and dry surfaces. If all intercepted water is
evaporated during daytime, then the wet surfaces change to dry
surfaces and transpiration occurs for the remaining daytime.
where Ecan,evap is the daily evaporation from wet surfaces; tsub-left is
the time left after snow sublimation in a day; tpevap-left is the day
time length after the canopy intercepted rain is evaporated, Ecan,day

is the daily total canopy evapotranspiration (kg m�2); Wcan,rain is
the canopy intercepted rain storage (mm); AWCs (mm) is the total
available water from all soil layers except the litter layer.

Soil surface evaporation: Soil surface evaporation is influenced
both by energy, atmospheric drivers and a maximum infiltration
rate as a function of soil properties at a given soil moisture (Philip,
1957; Wigmosta et al., 1994). When soil is wet, a soil may be able to
provide water to the surface at a rate equal to or greater than the
potential evaporation demand. This condition is termed climate-
controlled (Eagleson, 1978). As soil moisture is depleted, the rate of
delivery falls below the potential evaporation rate and this
condition is termed soil-controlled (Wigmosta et al., 1994). Using
this approach, Wigmosta et al. (1994) and Entekhabi and Eagleson
(1989) revised soil water evaporation (Es).

Es ¼ ð1� f snowÞ �minðE p;s; Fe;Wlitter þWa pÞ
Fe ¼ SeDt1=2

Se ¼
8fKðusÞcb

3ð1þ 3mÞð1þ 4mÞ

� �1=2 u
f

� �ð1=2mÞþ2



Fig. 2. The state boundary and major plant functional types in the southern United

States.

Fig. 3. Magnitude of changes in multiple environmental factors in the southern United St

noy: deposited nitrogen as the form of NOy-N including all oxidized forms of nitroge

precipitation (mm) from 1895 to 2007; (C) N deposition rate (g N/m2/yr) from 1895 to 2

different biomes from 1895 to 2007 (PFT5: temperate deciduous broadleaf forest; PFT7:

shrubland; PFT13: C3 and C4 grassland; PFT15: grass and forest wetland; PFT23: cropl
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where Ep,s is the simulated soil potential evaporation; Fe is the
desorption volume; Se is the soil sorptivity; Wavevap is the available
soil water that can be evaporated. We assume that surface
evaporation can only affect the top soil layer to a depth of 50 cm,
and that minimum water content after evaporation approaches at
wilting point (with soil metric potential of �1500 kPa) in the 5–
50 cm soil layer and zero in the top 5 cm of soil (Agam et al., 2004;
Wythers et al., 1999); F is porosity of the soil; K(us) is saturated
hydraulic conductivity (mm/h); Cb is air entry (bubbling) pressure
(mm water); m is the pore size index; u is the relative soil moisture;
if the water table is higher than the soil surface (e.g., wetland and
paddy land), Es is equal to Ep,s; Dt is the time step of evaporation (h).

2.3. Data description

The model input data include annual historical land-use and
land-cover maps, daily climate data, annual atmospheric CO2 and
daily tropospheric ozone concentrations, annual nitrogen deposi-
tion, annual N fertilizer amounts in cropland, and non-step soil
property and topography data. Geospatial data were scaled to the
same spatial scale (8 km � 8 km) to drive the DLEM model.

Vegetation map: A natural vegetation distribution map was
generated based on multiple data sources. The base vegetation
ates. Note: nhx, deposited nitrogen as the form of NHx-N including NH3 and NH4
+-N;

n except N2O. (A) Mean annual temperature (8C) from 1895 to 2007; (B) annual

007; (D) N fertilizer amounts (Tg N) in the cropland from 1945 to 2001; (E) area of

temperate evergreen needleleaf forest (including mixed forest); PFT11: deciduous

and; PFT24: build-up land).
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distribution map was from the National Land Cover Data (NLCD,
2001; Homer et al., 2004, 2007) at a resolution of 30 m. Then we
used the global C4 grassland percentage map developed by Still
et al. (2003) to determine the distribution of C4 grassland in the
study region. Finally, we identified the wetland area based on the
Global Lakes and Wetlands Database (GLWD) developed by Lehner
and Döll (2004). We reclassified the potential vegetation types into
8 general natural plant functional groups (deciduous broadleaf
forest, coniferous broadleaf forest, mixed broadleaf and coniferous
forest, arid shrubland, C3 grassland, C4 grassland, grass wetland,
and forest wetland; Fig. 2). All of these input maps were aggregated
into 8 km � 8 km resolution.
Fig. 4. Spatial pattern of environmental factors that controlled the ecological processes o

(B) Mean precipitation (mm) during 1895–2007; (C) Precipitation change (mm) from

Accumulated tropospheric ozone concentration as measured by AOT40 index (ppb h) in t

Land-use change from 1895 to 1951 and from 1951 to 2007.
Historical land-use data: Approaches similar to those of Chen
et al. (2006a) and Zhang et al. (2007) were used to combine the
contemporary land-use and land-cover map (which was derived
from NLCD, 2001 with the historical census datasets of cropland
and urban area), with population to reconstruct annual distribu-
tion maps of cropland and urban/developed lands at 8 km � 8 km
resolution from 1895 to 2007.

State-level urban area data for 1945–1997 were obtained from
the U.S. Census Bureau (www.census.gov). For years before 1945,
we assumed that changes in urban area were positively correlated
with the annual changes in population density which is available
from Waisanen and Bliss (2002). For years after 1997, we assumed
f the southern United States. (A) Mean annual temperature (8C) during 1895–2007;

1961–1990 to 1991–2007; (D) Nitrogen deposition rate in 2007 (g N/m2/yr); (E)

he 1990s; (F) Annual nitrogen fertilization rate (g N/m2/yr) in cropland in 2000; (G)

http://www.census.gov/
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that the state-level urbanization rate (the ratio of the annual
increased urban area to the total urban area in 1997) remained
unchanged over time. We derived the annual urbanization rate of
each state after 1997 by comparing 1997 and 2003 state-level
urban area as reported by the USDA Natural Resources Conserva-
tion Service’s web site: http://www.nrcs.usda.gov/technical/NRI/.
The cropland datasets were reconstructed in the same way. The
county-level cropland census data compiled by Waisanen and Bliss
(2002) was used to control the annual cropland area. These census
data covered the period from 1790 to 1997. The cropland
distribution data from 1997 to 2003 were generated using the
same methods for urban distribution. Due to the lack of a recent
land-use change dataset, we assumed no land-use changes took
place in the study region from 2003 to 2007.

Nitrogen fertilization dataset: Alexander and Smith (1990) and
Ruddy et al. (2006) developed county-level nitrogen fertilization
tabular datasets for the conterminous U.S. from 1945 to 1985 and
from 1987 to 2001, respectively. By assuming the nitrogen
fertilization rate of 1986 to be the average of 1985 and 1987,
we combined the two datasets together and derived a county-level
nitrogen fertilizer tabular dataset from 1945 to 2001. Based on the
county-level cropland area census data (Waisanen and Bliss, 2002),
we then derived spatial maps of nitrogen fertilization application
(g N m�2 of cropland) for the SUS from 1945 to 2001. We assumed
that fertilization increased linearly from 1895 to 1945 and used the
average increase rate of the late 1940s to estimate the amounts of
nitrogen fertilizer between 1895 and 1945. We further assumed
that nitrogen fertilization application remained unchanged from
2001 to 2007.

Historical annual CO2 concentration: In this simulation, standard
IPCC historical CO2 concentration data (Enting et al., 1994) was
used for years before 2003. Annual CO2 concentration data for
years after 2003 were from Earth System Research Laboratory
(ESRL, http://www.esrl.noaa.gov/gmd/ccgg/trends/).

Soil properties: We obtained the spatial maps for soil bulk
density and soil pH of the study region from the 1 km � 1 km
resolution digital general soil association map (STATSGO map)
developed by the United States Department of Agriculture (USDA)
Natural Resources Conservation. The soil textures, represented by
the volumetric percentage of clay, sand, and silt, were estimated
using the USDA soil texture triangle (Miller and White, 1998).

Topography map: The basic topographic information including
elevation, slope, and aspect were derived from the 7.5 min USGS
Table 1
Comparison of model-simulated with field-observed annual GPP (g C/m2/yr) and ET (m

Site Measured GPP* Simulated GPP

Duke Hardwood Forest (US-DK2, NC, USA) 1650 1759

1745 1786

1716 1794

Duke Loblolly Pine Forest (US-DK3, NC) 1954 1851

2175 2006

2584 2044

Parker Track Loblolly Pine (NC, USA) 2519 2354

Grassland (US-Shd, OK, USA)

Fermi Prairie (US-IB2, IL, USA) 1308 1238

1263 1244

1383 1251

Cropland (US-ARM, OK, USA) 663 495

532 536

495 662

* The measured GPP and ET data from AmeriFlux sites have some missing data in so
National Elevation Dataset (http://edcnts12.cr.usgs.gov/ned/
ned.html).

Climate data: In this study we reconstructed a 8 km � 8 km
resolution daily climate dataset of the entire SUS region from 1895
to 2007 by integrating the daily climate patterns of the North
American Regional Reanalysis (NARR) dataset (http://
wwwt.emc.ncep.noaa.gov/mmb/rreanl/) that covers the period
of 1979–2005 into the monthly climate dataset (1895–2007)
developed by PRISM (Parameter-elevation Regressions on Inde-
pendent Slopes Model) Group at Oregon State University (http://
prism.oregonstate.edu/).

Furthermore, we generated a 30-year detrended climate
dataset (1895–1924) from the interpolated climate dataset
(1961–1990) for model spinning run after equilibrium which
could avoid sudden vibrations in model results due to simulation
mode changes from equilibrium mode to transient mode.

Nitrogen deposition data: Nitrogen deposition datasets (NHx-N
and NxOy-N) were reconstructed based on the three time period
(1860, 1993, and 2050) global nitrogen deposition dataset
developed by Dentener (2006) and the decadal global anthro-
pogenic trace gas emission datasets developed by Van Aardenne
et al. (2001). The anthropogenic emission datasets were used to
interpolate the annual data among the three time periods based on
the assumption that the long-term variations of atmospheric
nitrogen deposition were positively correlated with anthropogenic
trace gas emissions.

Tropospheric ozone exposure data: AOT40 was used as an index
of ozone damage on terrestrial ecosystems. The AOT40 dataset
between 1941 and 1995 was derived from the global historical
AOT40 datasets (at one-half degree resolution) developed by Felzer
et al. (2005). These datasets were produced by combining the
results from MATCH model (Multiscale Atmospheric Transport and
Chemistry) and MIT IGSM (Integrated Global Systems Model).
More details on these datasets can be found in Ren et al. (2007a,b).
The dataset developed by Felzer et al. ended in 1995. Based on the
annual mean ozone concentration records from the database of
Clean Air Status and Trends Network (http://www.epa.gov/astnet/),
we found that observed tropospheric ozone concentration did not
vary significantly in the SUS after 1995. Therefore, we used the mean
AOT40 values of the early 1990s to represent the values during
1995–2007.

All of the above datasets were generated based on existing
spatial and temporal datasets or on historical inventory data.
m).

Measured ET* Simulated ET Time period

671.9 635 2003 AmeriFlux site

576.7 611 2004

544.5 611 2005

599.7 600 2003 AmeriFlux site

591.3 595 2004

579.5 603 2005

1024 890 2005 Noormets et al. (2009);

Sun et al. (this issue)

589 661 1998 AmeriFlux site

638 643 1999

2005 AmeriFlux site

2006

2007

473 433 2004 AmeriFlux site

2005

440 545 2006

me years.

http://www.nrcs.usda.gov/technical/NRI/
http://www.esrl.noaa.gov/gmd/ccgg/trends/
http://edcnts12.cr.usgs.gov/ned/ned.html
http://edcnts12.cr.usgs.gov/ned/ned.html
http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/
http://wwwt.emc.ncep.noaa.gov/mmb/rreanl/
http://prism.oregonstate.edu/
http://prism.oregonstate.edu/
http://www.epa.gov/astnet/


Fig. 5. Evaluation of model-simulated against field-measured daily GPP (g C/m2/day) and ET (mm/day) at sites: (A) North Carolina Loblolly Pine (US-NC2, evergreen

needleleaf forest) in 2005; (B) Duke Forest Hardwoods (US-DK2, NC, USA, deciduous broadleaf forest) from 2003 to 2005; (C) Duke Forest Loblolly Pine (US-DK3,

evergreen needleleaf forest) from 2003 to 2005; (D) Shidler Tallgrass Prairie (US-shd, OK, USA, C4 grassland) from 1998 to 1999; (E) ARM SGP Main (US-arm, OK, USA,

cropland) from 2003 to 2006.
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Fig. 6. Annual NPP (Pg C/yr), ET (mm) and WUE (g C/kg H2O) across the terrestrial

ecosystems of the southern United States during 1895–2007.
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The temporal and spatial patterns and change rates of
climate (precipitation and air temperature), tropospheric
ozone concentration, nitrogen deposition, and land-use and
land-cover types in the SUS are shown in Figs. 3 and 4,
respectively.

2.4. Simulation experiments and methods

To address the effects of changing climate and combined
environmental factors in this study, we designed two simulation
experiments: (1) Climate change only (CLM): only climate changes
with time and other environmental factors stay constant during
the study period. The land-use and land-cover types, atmospheric
CO2 concentration and nitrogen deposition level in 1895 were
used as input data and do not change over time; (2) Combined
scenario (COMB): all the environmental factors change over
time.

DLEM was first run to an equilibrium state using the mean
climate data (averaged from 1961 to 1990) to develop the
simulation baseline for carbon, nitrogen, and water pools. Then
a 90-year spin-up simulation was conducted to eliminate system
fluctuations caused by simulation mode shift, i.e., from the
equilibrium mode to the transient mode.

2.5. Model calibration and evaluation

The DLEM has been parameterized and applied in several
regional studies both in China and the United States using various
field observational data for all defined plant functional types
(Fig. 2), and then validated with independent field observational
data, inventory data and regional estimations from other models
and remote sensing tools (Chen et al., 2006a,b; Ren et al., 2007a,b;
Zhang et al., 2007; Tian et al., 2008, submitted for publication).
Specifically, the model was recalibrated for all the plant
functional types except build-up land in SUS. These plant
functional types included: temperate deciduous broadleaf forest,
temperate evergreen needleleaf forest, mixed needleleaf and
broadleaf forest, deciduous shrubland, C3 grassland, C4 grassland,
grass wetland, forest wetland, and cropland (Fig. 2). The selected
calibration sites were located in or close to the southern United
States: Duke Forest, NC (36.08N, �79.18W, temperate evergreen
needleleaf forest), Coweeta Long Term Ecological Research
(LTER), NC (35.08N, �83.58W, temperate deciduous broadleaf
forest), Florida Coastal Everglades, FL (25.478N, �80.858W, C3

grassland), Konza Prairie LTER, KS (39.098N, �96.588W, C4

grassland), Jornada Basin LTER, NM (32.628N, �106.748W, desert
shrubland), a forest wetland in FL (25.248N,�80.628W, temperate
evergreen needleleaf forest), and croplands with cotton, wheat,
corn and soy bean (average soil carbon and NPP for different crop
types from Oak Ridge National Laboratory were used for
calibration).

We evaluated the simulated results for GPP and ET against
those from several sites in the SUS as shown in Table 1 and Fig. 5.
Generally, the simulated GPP and ET by DLEM fit well with the
measured daily GPP and ET data, although there were many
uncertainties, especially in the estimation of ET (Table 1 and Fig. 5).
We also evaluated the simulated aboveground NPP at the regional
scale using 138 field-observation data obtained from ORNL (Zheng
et al., 2003). These observation data came from different plant
functional types including forest, cropland, grassland and shrub-
land. The fitted line between measured aboveground NPP (X) and
simulated aboveground NPP (Y) was: Y = 1.09X + 73, with a
relatively high correlation coefficient (R2 = 0.82). The DLEM
estimated carbon storage for different carbon pools and evaluated
different states in the SUS (see Tian et al., submitted for
publication).
3. Results and analyses

3.1. Temporal and spatial variability of net primary productivity

In this study, changes in five environmental factors (climate,
atmospheric ozone concentration and nitrogen deposition, CO2

concentration and land-use types) were all combined (COMB) in
our model simulation, which revealed the overall response of
terrestrial ecosystems to environmental changes. During 1895–
2007, we found that annual mean NPP of the terrestrial ecosystems
in the SUS was 1.18 Pg C/yr and ranged from 0.92 Pg C/yr in 1925 to
1.45 Pg C/yr in 2001 (Fig. 6A). Although it varied substantially
across the years, the NPP of terrestrial ecosystems in the SUS
showed a tendency to increase from 1895 to 2007. NPP increased
from about 1.05 Pg C/yr (463 g C/m2/yr) to 1.33 Pg C/yr (587 g C/
m2/yr) with an increase rate of 27% (2.5 Tg C/yr) during the study
period.

We found substantial regional variation in the annual NPP of
terrestrial ecosystems in the SUS (Fig. 7A). Higher NPP was
located in the eastern part of the SUS, while the lowest NPP was



Fig. 7. Spatial distribution of annual mean NPP across the terrestrial ecosystems of the southern United States during 1895–2007 (g C/m2/yr, A) and NPP change rate (%, B)

from 1961–1990 to 1991–2007.
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in the western part. Water is one of the most limiting factors
affecting plant growth in the SUS; consequently, the general
pattern of NPP for a specific ecosystem of natural vegetation
types is similar to the precipitation distribution pattern (Fig. 4B).
Uneven changes in environmental factors make the responses of
NPP to environmental change different across the SUS. Although
NPP generally increased from the period 1960–1990 to 1991–
2007 (Fig. 7B), it decreased in some areas where land was
converted from a higher to a lower productivity (e.g., from
natural vegetation to urban area) as well as in the northeastern
part of the region where drought events were frequent during
1991–2007 (Fig. 4C). The greatest increase (>70%) in NPP was in
the shrubland region of the western part of the SUS and was
attributed to a higher increase rate in precipitation in this region
(Fig. 4C).
3.2. Temporal and spatial variability of evapotranspiration

The averaged overall annual ET at the regional scale did not
change much over the entire period. Annual ET values ranged from
a low of 624 mm in 1917 to a high of 812 mm in 1949 with an
average of 710 mm from 1895 to 2007 (Fig. 6B). ET had an
increasing trend during the first half of the period (1895–1950s),
but a decreasing trend after that. The overall increase was
negligible during the entire study period. Generally, the ratio of
annual ET to precipitation was around 0.67, which means that
about 33% of the rainfall was not used by the ecosystems if we
disregard water used for cropland irrigation.

ET showed great spatial variability across the SUS (Fig. 8A).
The highest ET was generally found in the grass and forested
wetlands, as well as irrigated croplands. The lowest ET was found



Fig. 8. Spatial distribution of annual mean ET across the terrestrial ecosystems of the southern United States during 1895–2007 (mm, A) and ET change rate (%, B) from 1961–

1990 to 1991–2007.
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in the shrubland in the western part of the SUS. ET decreased
from 1961–1990 to 1991–2007 in the southeastern and central
parts of SUS, and increased in the western SUS (Fig. 8B). Although
precipitation in most areas of the southeastern SUS increased
(Fig. 4C), ET decreased from 1961–1990 to 1991–2007. This
implies that the change rate of ET might not be consistent with
that of precipitation, and other factors such as land-use and land-
cover change may play a role in the hydrologic balance. The
highest ET/PPT (i.e., ET/precipitation) ratio was found in the
driest region (Fig. 9), which implies that a higher percentage of
precipitated water was used by land ecosystems in the driest
regions. The reason for this high ET/PPT ratio is probably the
higher potential demand for water and the lower amount of
precipitation available.
3.3. Temporal and spatial variability of water use efficiency

WUE of the plants in the terrestrial ecosystems of the SUS
ranged from 0.56 g C/kg H2O in 1951 to 0.92 g C/kg H2O in 2003
with an average of 0.71 g C/kg H2O during 1895–2007 (Fig. 6C),
which implied that about 0.71 g C had been fixed in the plants as
net primary productivity by using 1 kg water. WUE was relatively
stable before the 1950s and then increased after that with a
substantial inter-annual fluctuation. WUE totally increased about
25% during 1895–2007.

The highest WUE (1.0–1.3 g C/kg H2O) was in the eastern SUS
(Fig. 10A), while the lowest WUE was in the western SUS.
Although a higher ET/PPT ratio was found in the western SUS, WUE
was significantly lower than that in the regions with higher



Fig. 9. Mean evapotranspiration/precipitation (ET/ppt) ratio across the terrestrial ecosystems of the southern United States during 1895–2007.
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precipitation (Fig. 4B). WUE increased in most areas of the SUS
from 1961–1990 to 1991–2007 with the highest increase in the
southwestern SUS (Fig. 10B).

3.4. Different responses of NPP, ET and WUE among biomes

Different biomes respond differently to environmental changes
in the SUS. NPP (g C/m2/yr) of all the biomes has increased from
1895–1950 to 1951–2007, with the largest increase in cropland
(about 41%, Table 2). Although cropland area decreased after the
1940s (Fig. 3E), the total NPP (Pg C/yr) of cropland in the SUS still
increased the most (about 15%) compared to other biomes during
Table 2
Annual mean NPP, ET and WUE of different biomes in the southern United States.

Variables PFT* 1895–1

NPP (g C/m2) 5 669�2

7 698�1

11 220�2

13 310�1

15 660�5

23 369�3

ET (mm) 5 743�1

7 735�1

11 450�2

13 550�1

15 891�9

23 781�8

WUE (g C/kg H2O) 5 0.90� 0

7 0.95� 0

11 0.42� 0

13 0.56� 0

15 0.75� 0

23 0.47� 0

Area-averaged NPP 495

Area-averaged ET 699

Area-averaged WUE 0.68

* PFT5: Temperate deciduous broadleaf forest; PFT7: temperate evergreen needlelea

grassland; PFT15: grass and forest wetland; PFT23: cropland.
** Mean�2S.E. (2 standard error, 95% confidence interval). Different letters among grou
1951–2007. In addition, NPP of grassland and shrubland has
increased about 15%, second to that of cropland. Area-averaged
NPP for all the biomes in the entire SUS increased about 12% during
1895–2007.

ET of all the biomes except for temperate evergreen needleleaf
and deciduous broadleaf forest increased from 1895–1950 to
1951–2007. ET of cropland increased about 9.4% under multiple
environmental changes, while other biomes only slightly
increased. Due to the different change rates of biome areas, the
total ET increased slightly (about 2%) for all biomes as a whole.

The temperate evergreen needleleaf forest had the highest WUE
(0.96 g C/kg H2O), while shrubland had the lowest (0.45 g C/kg H2O)
950 1951–2007 1895–2007

4 679�23 674�16a**

2 715�16 707�10b

7 256�28 239�20c

4 355�13 333�10d

676�8 668�5a

520�20 445�17e

0 740�8 742�6a

0 736�14 735�8b

2 467�21 458�15c

8 586�16 568�13d

902�12 897�8e

855�6 818�8f

.02 0.92�0.03 0.91� 0.02a

.01 0.97�0.03 0.96� 0.01b

.03 0.49�0.04 0.45� 0.02c

.01 0.61�0.01 0.58� 0.01d

.01 0.75�0.01 0.75� 0.01e

.00 0.61�0.02 0.54� 0.02f

554 525

721 710

0.75 0.72

f forest (including mixed forest); PFT11: deciduous shrubland; PFT13: C3 and C4

ps mean significant difference at P< 0.05.



Fig. 10. Spatial distribution of mean annual WUE across the terrestrial ecosystems of the southern United States during 1895–2007 (g C/kg H2O, A) and change rate (%, B) from

1961–1990 to 1991–2007.
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among all biomes. Because large areas of croplands in the SUS were
irrigated, the ET of cropland was much higher than that of grassland.
Therefore, the WUE of cropland is lower than that of grassland
though NPP of cropland (445 g C/m2/yr) is significantly higher than
that of grassland (333 g C/m2/yr). WUE can be both impacted by NPP
and ET, so the changing patterns of WUE for different biomes are
different from those of NPP and ET during 1895–2007. WUE of forest
and wetland did not change greatly under multiple environmental
changes. Generally, forest and wetland are relatively water-
abundant ecosystems (Webb et al., 1978), so WUE of these two
biomes is not significantly affected by multiple environmental
changes. In contrast, grassland, shrubland and most cropland are
generally water-limited ecosystems. The WUE of grassland, shrub-
land and cropland increased about 9%, 17%, and 30%, respectively
from 1895–1950 to 1951–2007.
3.5. Impacts of climate change on water use efficiency

Environmental changes such as changes in climate, atmo-
spheric CO2 concentration and nitrogen deposition, tropospheric
ozone and land-use and land-cover types have been reported to
influence WUE. WUE was reported to change with precipitation
(Huxman et al., 2004; Emmerich, 2007; McLaughlin et al., 2007). In
this study, the model simulation results from the climate only
scenario (CLM) also indicated that WUE of different biomes
responded differently to the precipitation gradient in the SUS. WUE
of temperate deciduous broadleaf forest slightly decreased with an
increase in precipitation (Fig. 11A). However, the WUE of the
evergreen needleleaf forest first increased and then remained
relatively stable with increasing precipitation (Fig. 11B). This can
be explained by NPP increasing faster than ET with an increase in



Fig. 11. Relationships between precipitation and water use efficiency for different biomes in the southern United States (A: temperate deciduous broadleaf forest; B:

temperate evergreen needleleaf forest; C: shrubland; D: grassland; E: wetland; F: cropland).
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precipitation in the regions of lower precipitation, while ET
increased much faster than NPP in the regions of relatively higher
precipitation. WUE of shrubland always showed an increasing
trend with precipitation (Fig. 11C). WUE of grassland increased in
the regions of lower precipitation and then stabilized (Fig. 11D).
WUE of wetland ecosystems that were not water-limited
decreased with increasing precipitation, suggesting little change
in NPP over time (Fig. 11E). WUE of cropland did not show an
obvious pattern with increasing precipitation due to the com-
pound effects of irrigation (Fig. 11F).

4. Discussion

4.1. Water use efficiency of different biomes

Different water use efficiencies have been found among
different plant species (Huxman et al., 2004; Ponton et al.,
2006; Emmerich, 2007; Yu et al., 2008). In this study, we found that
the WUE of different biomes showed a decreasing order of:
Forest > Wetland > Grassland > Cropland > Shrubland in the
southern United States. Using a different WUE definition from
this study, Emmerich (2007) also found that ecosystem WUE (i.e.,
net ecosystem production/ET) of grassland is higher than that of
shrubland in Arizona, U.S.A. Eddy covariance systems provided a
good way to study carbon and water fluxes and thus WUE at a field
level. Based on the synthesis data from FLUXNET, Law et al. (2002)
has also calculated WUE for different biomes around the world and
found that monthly WUE for several major biomes was similar,
with the exception of arctic tundra, which was lower. However, by
reselecting the sites located in the United States from Law et al. and
assuming NPP/GPP ratio as 0.45, we found that the average annual
WUE for temperate deciduous broadleaf forest was 1.12 g C/kg H2O,
evergreen needleleaf forest was 1.08 g C/kg H2O, grassland was
0.94 g C/kg H2O and cropland was 0.89 g C/kg H2O. Our study
showed the same pattern as reported by Law et al. (2002) that
WUE of forests is higher than grassland and the lowest is found in
cropland. However, the modeled regional absolute values of WUE
derived from this study (Table 2) were lower than those reported by
Law et al. (2002).

4.2. Drought impacts on NPP, ET and WUE

In this study, the distribution patterns of NPP, ET and WUE
were found to closely relate to temporal and spatial precipita-
tion patterns. Several severe drought events were reported in
recent years (2001–2002, 2007–2008). The precipitation at the



Fig. 12. Precipitation (mm, A), and NPP (g C/m2/yr, B), ET (mm, C) and WUE (g C/kg H2O, D) anomalies (relative to 1961–1990 mean) in 2007 in the southern United States.
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northeastern part of SUS in 2007 was much lower than the mean
values during 1961–1990, while precipitation was higher than
normal in the central and western parts of SUS (Fig. 12).
Although precipitation was reduced throughout the eastern SUS
(Fig. 12A), NPP in 2007 still increased in areas where
precipitation slightly decreased (Fig. 12B). This might imply
that precipitation was not a dominant limiting factor to NPP in
2007 and the vegetation in this region has a buffering capability
to tolerate drought events. A study on a loblolly pine (Pinus

taeda L.) plantation in the lower coastal plain also suggested the
2007 drought did not affect NPP as most literature would
suggest (Noormets et al., 2009). ET in 2007 decreased in most of
the drought areas with a maximum reduction over 20%
(Fig. 12C). The 20% reduction of ET may be caused by reduction
of canopy interception rather than by plant transpiration as a
recent study suggested (Sun et al., this issue). ET still increased
in some areas of irrigated cropland and wetland even when
precipitation greatly decreased. The changing spatial pattern of
WUE is similar to that of NPP, displaying a great decrease in
extreme drought areas (Fig. 12D). The underlying mechanisms
of different ecosystems’ response to changing environmental
factors need to be specifically examined.

4.3. Implications to management and policy makers

Scaling up ecosystem processes from the field level, where most
empirical data are derived, to the regional scale remains a
challenge in global change studies (Tian et al., 2003, 2008; Waring
and Running, 2007). Land managers and policy makers demand
comprehensive, large-scale data for evaluating the range of
changing environments and selecting rational management
options. Our study found that annual precipitation in the SUS
varied greatly. Even in the regions of high precipitation such as in
North Carolina, drought is still one of the major threats to
ecosystem productivity and health. Common management goals in
the SUS are to preserve water, to maintain higher ecosystem
productivity, and to maintain and promote healthy terrestrial
ecosystems. In terms of ecosystem services, ecosystem water use
and carbon sequestration often have conflicts in balancing carbon
sequestration and water availability (Jackson et al., 2005). WUE
reflects the tradeoffs between two important resources: water and
carbon. We find that WUE of cropland is very low and will even be
lower than our estimation if water losses through runoff after
irrigation were considered in the calculation of WUE. Although we
found that forest has a higher WUE, it was at the expense of large
amounts of water to support its high productivity. SUS has a mild
climate condition and large land area that can potentially be used
for higher crop and forest production; therefore, bio-energy (e.g.,
biodiesel and ethanol) production has been encouraged in the SUS
by the United States federal government. The land managers and
policy makers have to consider the balance between productivity
and water availability besides the efficiency of bio-energy
production. Although there are many uncertainties in the model
structure, model parameterization and input data, the spatial and
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historical datasets and modeling results presented in this study
may still help various agencies in developing their resource
assessment and plans for mitigating and adapting to future energy
demands and global change.

4.4. Uncertainties and future improvements

This study did not include irrigated water as part of the water
used by crops in the calculation of WUE for cropland ecosystems.
This simplification might result in an overestimation of WUE for
croplands. Previous studies suggest that irrigation water should be
quantified to accurately reflect the WUE of croplands (Hsiao, 1973;
Howell, 2001). Although most of model input data are from
available data sources which have been validated, there may still
be many uncertainties in spatial and temporal interpolation of
these data. Forest management (e.g., harvest and thinning) was not
considered in this study, which might influence the results.

The model was parameterized with limited sites, so some
uncertainties might also come from the model parameters. For
example, canopy conductance, leaf water potential for full open/
close stomatal conductance, and water vapor pressure deficit for
full open/close stomatal conductance were parameterized as a
constant for each plant functional type. The albedo for a specific
plant functional type was also set as a constant within a simulation
year. The uncertainties in model structure might have also
compounded our simulation results to a certain degree. The
simplification of some ecosystem processes in the model might not
capture the exact patterns of real phenomena. Future improve-
ments on these aspects of modeling will certainly reduce such
uncertainties.

5. Conclusions

This study represents the first attempt to fully assess the long-
term changes of NPP, ET, and WUE with the goal of understanding
the interactions between carbon and water resources under
multiple stresses at the regional scale in the southern U.S. Our
results show that the NPP and WUE of terrestrial ecosystems have
increased about 27%, and 25%, respectively, during 1895–2007
with substantial inter-annual variation, while ET has had little
change as a whole. The increase in WUE was primarily stimulated
by an increase in NPP, which was likely due to faster plant growth
induced by environmental changes such as increasing CO2

concentration and nitrogen deposition, and land management
such as elevated irrigation and fertilizer usage. NPP, ET and WUE of
various biomes were different and showed different responses to
environmental changes. Substantial spatial variations of NPP, ET
and WUE were found, which were associated with the spatial
variations of multiple environmental factors during 1895–2007.
Certainly, the contributions of different environmental factors to
NPP, ET and WUE need to be further identified in future studies.
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